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. ABSTRACT

This report i1s a compilation of reprints and
articles of certain raeearctea carried on at the
Sarah Vellon Scaif's Radiation laboratory,

The University of Pittsturgh.
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Internal Conversion in Pr'¥, In'*4, Ba', and Cd""*

W. CoKetay
Unitersity of Pittsburch, Pitisburgh, Pennssizaniat
(Receive: August 20, 1951

Beta-ray spectromeler measurements have Leen snacde of the internal conversion ratio ax/ay for four
nuclear 1ransilions. Values obrained are: 5.33:0 1 tor The t32 kev Transiion in Priv; 1304005, 102 kev,
It 4.57£0.05, 502 kev, Ba®¥ and t4£2, 636 v, CéM Tenlalive assignments of mulipolarity are given.

1. INTRODUCTION

ROM measurements of the conversion coefficient
for the K shell or the ratio of the A conversion
coefhicient to the L conversion cocfhicient, one can, in
principle, cbtain the multipole order of nuclear transi-
tions and hence the spin and parity changes needed to
estabiish decay schemes. However, the only reliable
values of conversion coefficients existent are the values
of ax calculated by Rose ef al.' using exact relativistic
wave functions for a wide range of cuergies, 7 values,
and multipole orders. Fxperimental determimations of
ay alone are difficult except when the decay scheme is
known to be simple. A few methods have been proposed
to obtain ax for a gamma-rav enccted in a complex
decay scheme by utilizing Compton scattering® or
external conversion® In addition 1o the experimental
dithcuity, one faces the possibility that the interpreta-
tion of values of ax may be ambiguous if mixtures of
eleetric 2'-pole and magnetic 2° *-pole processes occur
in nuchides of low Z.* Therefore, one would prefer to
measure ag ‘a; and from the ratio to obtain an vnam-
biguous assignment of multipolarity. For the inter-
pretation, the experimentalist wilt have to await the
exact calculation of the L conversion coethicient, which
is reported’ to be under way. Meanwhile, approximate
calculations are available for tentative assignments. =7
In this experimental study, beta-ray spectrometer
measurements were made of the ratio of ax ' for
gamma-rays emitted by the nuclides prascodymium
144, indium 114, barium 137, and cadmium 110.

[I. EXPERIMENTAL

Quade and Halliday® have described the construction
and electron optical properties of the magnetic lens
beta-ray spectrometer used in these studies. Additional

* Part of a disserlation submitied in partial fulfillment of the
requirements Tor the degree of Doclor of Philosophy a1 the
Univeisity of Pittsburgh,

t Assisted by the joint program of the AFC and ONR and by
the Rescarch Corporalion.

! Rose, (}ocrlzc‘, Spinrad, Harr, and Sirong, Phys. Rev. 83, 79
(t9st).

T K. Sieghahy, Proc. Rov. Soc. (London) 188, 541 (1940

3¢ D. Ellis ana G. Aston, Proc. Rov. Soc, (Lordon 129, 180
(19300,

¢ P. Axeland R, F. Goodrich, Navy Reponi*“Ioterial conversion
data,” privately circulated.

» M. H. Hebb and E. Nelson, Phys. Rev, 38, 486 (1910).

N ‘halli and 1. S, Lowen, Phys Rev. 76, 1541 (1949).

7S, D, Drell, Phys. Rev. 75, 132 {194¢). ’

. A, Quade and D. Halliday, Rev. Sci. Insir. [9, 234 {19481,

precautions were taken in the present work to reduce
scattering within the chamber and alignment errors.
Antiscattering bafiles were installed near the source
and near the counter. The interior of the spectrometer
was covered with a rough coating of ceresin wax. A
simple experiment showed that this wax reduces elec-
tron scattering by 2 factor of at least two. It was found
necessary to locate the central baflle quite accurately
<0 that the annular aperture at the center of the spec-
trometer would be uniformly wide. Failure to do this
lect to a broadening of internal conversion lhines.

For this work, a thin-window Geiger counter was
developed in which the beta-particles entered at right
angles to the axis of the counter. Such a connter has the
advantages that both ends of the central wire are
accessible for flashing the wire and that the sensitive
volume of the counter extends to the window. The
counter showed a long term stability, a flat plateau
(1.6 percent per 100 volts), and a low background (30
counts minute). The window had an areal density of
30 wg ‘em® and transmitted electrons to energies as low
as 3 kev.

Thiee of the four radioactive materials were available
at reasonably high specitic activities. Cestum 127, the
parent of barium 137, was obtained from Qak Ridge as
cesium chloride at an activity of 1.05 mC ‘ml and with
total solids not excreding 2.4 mg 'ml. Cerium 144 was
obtained there also as cerium nitrate (3.00 mC ‘ml and
1.8 mg ‘ml). Indiuta 114 was produced in the University
of Pittsburgh cyelotron by a Cd"(d.n) reaction and
cleanly separated at the radiochemistry laboratory of
the Atomic Power Division, Westinghouse Electric Cor-
poriatien, by H. A, B-ightsen. Silver 110, produced at
Qak Ridge by neutron hombardment, had a low specific
activity (3.97 mC, 'ml and 150 mg ‘ml). The thick source
resuiting from the low specilic activity caused diliculty
in resolving the cadminm 110 conversion lines. The
sources were prepared by depositing a niinimal amount
of the concentrated radivactive solution upon an
aluminum backing of thickness 0.00025 inch. Average
areal densilies of the sources were obtained by weighing.
The arcal density of the ceriure, indium, wund cesium
sources was about 0.1 mg ‘cm® That of the silver source
was 10 mg ‘em®.

Data were taken automatically.® Fnough counts were
recorded that the statistical error associated with each

PWL U Kebvand K. J. Metzgar, Rev. Sci, Instr. 22, 665 (1931),
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F.c. 1. The electron spectrum of Cet™ =Pt i the region of 1he
conversion peals of Ine t32-kev vamma ray of v, Nillp', the
number of electrons per unit fime per tnit momentum interval, is
plotied against the electron mon.entum in arbitrary units.

experimental point did not exceed two percent except
where the curves approached the background level.

11I. RESULTS
A. Praseodymium 144

A portion of the electron spectrum of cerium 44-
praseodymium 144 is shown in Fig. 1. To obtain the
conversion peaks of the gamma-ray at 132 kev, it was
necessary to subtract the cantinuous spectrum from the
tatal curve. This was done by making a Fermi plot for
cerinm and with its help reconstructing the continuous
spectrum at the conversion peaks By subtraction of
the continuaus spectrum, the conversion peaks of Mig. 2
were obtained. The spread of the K peik is 4 percent.
The law energy portion of each line is approximately
exponential, a measure ot the degradation of the
encrgy of the clectrons as they leave the source. In
addition ta the experimental evidence of Iig. 2, there
seems ta be theoretical justification'® for regarding this
portion of the curve as exponential. An exponential
curve bas heea fitted to the R peak to extend it to the
momentum axis through a region of the total ‘curve
where oiher conversion lines are present. An expanential
curve fitted to the L peak extended it to the momentum
axis. The correction to the high energy side of the A
peak was regligible. The ratic of the arcas under the
peaks gave ax‘a;—=5.320.1.

The converted ganina-tay must he ascribed 1o
prascodvimium 144, Best apreement for the energy of
of the gamma-ray is obtained by adding to the energies
of the K and L conversion electrons the binding energies
for prascodymiuvm. Critical absorption experiments were
curried out using aqueous solutiens of barinm and
cesium s absotbers. The absorption daza showed con-

WG, ko Owen. private communication.

KELLY

clusively the presence of x-ravs which could be either
prascodymium Kea or necdymium Ka. Fuergy con-
siderations make it hkely that v is 1he tarmer. This
assignment agrees with that by Fammerich < ofl®

The experiment vaiue of 3.3 LG far ay: a; indicates
an electric quadripole radiation i ane uses the non-
reiativistic calculations of Ileblb and Nelson.® Their
results give the follewing conversian ratios: £ 2! pole,
&4; E 2-pole, 4.5, £ 2-pole, 1.2, Emmerich ¢! al®
repart an approximite valne of 7 for ex a;.

B. Indium 114

Coaversion peaks for the 192-kev gamma-ray of
metastable indium 114 are shown in Fig. 3. The spread
18 3.3 percent. The contribution of the 2.05-Mev beta-
group to the electron intensity at this euergy i1s neg-
ligible.

Separation of the two peaks for purposes of plani-
metry was effected by a method imvolving successive
approximations to the separate curves. First, a giussian
curve™ was iitted to the high energy side of the A peak.
By subtracting this curve from the total curve between
the two peaks, one could decide how ta continue the L
peak in an expanential. ‘The exponential portion of the
L peak was then subtracted from the total curve to
give a second approximation to the high energy portion
of the K peak.

wg'a; was found to be 1.3040.05 and indicates
either an electric 2%-pole oran electric 2%-pole transition.

l
36
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MOMENTUM
Fia 20 The conversion clectrons of the t32 kev gamma-ray of
Pt Circles show the experimental poings, suares show potrets
on the caleulated exponential curves.

' timmernich, Jolin, and Kurhatov, Phye. Rev. 82, 968 (031,

?the line shape of a masictic lens specirometer can be ag:
proximated quite vell by a skewed geussian curve. See Van Atta,
Warshaw, Chen, and Taimaty, Rev Sci. Instr. 21, 985 (1930:.
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Heblb and Nelon give the foilowing values: £ 2 wle,
1.7: K 2>-pole, 0.9, Lawson and Cork' report a vaiue
of 10201 far agx ¢;. Beehm and Preswerk® give
114101, and Stefien'® reparts 1.i0-=1, 05,

C. Barium 137

Figure 1 <hows the K and L= A conversion peaks of
the 662-kev gamma-ray af metastable bariem 137, The
spread of the A line is 1.4 percent. A vatue of 4.57 0,05
1s found for ax ‘a:y v good agreement with the result
ag a3 obtained by Langer.'® Mitchell and
Peacock!™ report the value 1.8 for ax ‘az, and Osobas
finds ax ‘ar =50, Tentatively, one may assign a multi.
polarity of electric 2% to the transition. It must he
emphasized, however, that the nonrelativistic theory
may be considerably in error at this encrgy.

D. Cadium 110

Cadmium 119 is the danghter nucleus by negatron
emission of silver 110. The R and [~V conversion
peiks of the 636-kev garma-ray of cadmivm 110 have
beero measured with i line spread of 3.7 percent. The
peaks were separated by the procedure referred to
above, However, a correction must be applied 1o the
L-= M peak to correct Tor the presence of K conversion
electrons due to a gamma-ray of energy 676 kev whose

K peak is superimposed (within 2 kev) upon the [ M
1
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Bas Circles shory the experinzental noinie vpares show painls
s the calonbatesd eorves,

peak of the 630-kev gnmma-rayv. The 676-kev line was
discovered by Sieghahn'” in studving the photoelectron
spectrum of these radiations b a lead converter. Three
hines in the spectrum 7676 kev, 703 kev, 739 kev) bave
about the same photoelectric nitensities. Steghahn con-
cludes that the gammuaintensities are probably about
the same upon the assumption that the lines are of the
same multipole arder. On this basis, the conversian coef-
nciert should be approximately the same, and the K
peak of the 706.-kev line skould approximate that of
the 076-kev hae. Tihe K peak of the 706-kev line can be
readily: measured. After applying this plausible, al-
thongh certainly not rigorous, correction, ag oy wis
tonnd to be 14-+ 2,

This result indicates electric dipole radiation accord-
ing to the caleulations at Hebb and Nelson. However,
the dificulties intr wluced by the source thickness, the
approxinuate nature of the correction for the interfering
Ine, aid the nonrelativistic theory nsed rednce the
certainty of the assignment.

By two independent means, Sieghahm' has found ag
for this lizre to be 23X 10°% The precise theory shows
that this is conststent with either electric or m,
dipoic radiation.

The author would like to acknowiedge the support
and encanragement grven lnm by Drs. DL [lalkiday,
A Jo Alen, and G D Owen. Mr. Kenneth Mezgar
assistedd with the instrumentation. Mr. Samuel Broder
prepared tables of thie Fermi function.
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Nuclear Energy Levels of Al*"+

FONME Reumn * v J AN, ] S Axrmmrk, RS Brsprr, ROLCFiv g asn TE 1 HavsaaN
Ungoersits of Pittchear o, Pitishar i L3 Denstivicania

i Reverved pebrnasy 18, 1052

Twenty energy levelsin AT huae been found Yo the magnen:c aaaly s of inelasticatlv <callered prolons

al N from thir 1otgeds of alaminur:

Ao anulyvzed Veam of 8D Alev protons was utilized for the hombard.

mieat. Ternative values for the levels tound an 0 K44, § Q16,2 259, 2782 2116, 3 736, UK T 113, 4475,
48734647 4 RS54 906, 3 17, 2220, 3. 341, 2301, 5 30k, 8.620, 8 730 Nev. A broad aiphicparticle group
from the AI¥(p.a N reaction correspondivg to an exated sTate of N g3 wac also observed and 1s believed

to be complex.

INTRODUCTION

TLKENS and Kuerti'? were the lirst 10 report

on the measuremeut of the energy levels of
alumimum by observation of inelastic scatteriug of
protons. Since then, additionai studies of this same
nucleus have heen made by several observers hath by
inelastic scattering experiments® Sand by other nuclear
reactions.? ' In the experiment to be described, a large
magnetic spectrometer wis utilized for the meazure
nient of energy of charged particles emitied from an
aluminum fail target bambarded with a beam of mag-
netically analyzed 8-Mev prowans,

APPARATUS

Details of the apparatus have beev published else-
where."! The protan heam was produced by the 47-inch
University: of Pittshurgh cvclotron. A large focusing
magnet, placed ahout seven feet from the evelotron
vacuum tank, focused the heam on the eutrance shits
of a beam auvalvzer magnet which was located ju an
adjacent room. Au eight-foot thick shielding  wall
separated this raom from the evelotron chamber, After
traversing the beam analyzer teld the beam was
limited v stops to an angular exteat of £3 degrees
horizoutally and passed through a final analvzer slit,
e Inch wide and § inch high which limited the heam
energy spread to 20 kev. Targets were placed at the
center of a large scattering chamber at a distance of
1.75 ches from the limal beam analyzer slit.

A Eege S0 sectar magnetic spectrometer was posi-
tioned at an augle of %7 with respect to the heam

t Work done in 1the Sarah Mellon Scaife Radisnior: Laboratory
and assisted by the joint program of the ONR, AEC, and the
Rescarch Corporation,
¢ Now at Camp Fvars Signal Laboratories, Belmar, New Jeree
¢ Now i Westinghouse Atomic Pouser Division, Bertis icld,
Pittshurgh, Pennsylvania.
VEOR. Wilkers, and G. Kuerti, Phys Rev. 87, 1082 jo4m
TT. R. Wilkens, Phvs Rev. (), 363 (194713,
2R H. icke and Jo Marshall, Phys. Rev. 89, 911 (1911
CE AL Hhdnes, Phily iess University of Rochester 1948
s E. L Rhexdcriek, Proc Roy . Soc < Looddon 201, 348 11930
¢ Reedley, Sampson, an] Nhichell, Phys. Rev. 76, 624 11039,
CHOW Fulboght wnd RK. Bush, Phos, Rev, 74, 132301948,
'K.K. Keler, Phys, Rev 84, S84 11951).
*Saaen, Niandevitle, sad Whitchead, Pl s Rev 79, 39801930
P VanPatter, Spertuto, and Enge, Phys, Rev. 83, 212 (1051,
0 Bender, Reilley, Aller, Fly, Antkar,and Tlausman, Rev. S
Insiz. 1o be published®.

center. Charged particles emitted from the target were
focnsed by this magnetic leus on a scintilation screcu
mounted external to the vicuum system. A (LE-mil
nickel forl served as the window. Stops were provided
ta lunit the angolar aperture to =2 with respect ta
the center line of the svstem.

I"iekd excitatian curren’s far the three magnets were
obtained from motor generator sets which were elec-
tronically stalnlized. Fhe magnetic ticléd of the heam
focusing maguet was adjusted so as to vield maximum
beam on the eatrance slit of the beam analvzer. The
magnetic nelds in the beam and particle aralyvzers were
measured by means of the praton magnetic resonance
method*? to one part in 10,000 and were coutinnously
maaitored during the experiment. Target heam currents
al 0.3 to LO microamperes were ohtained.,

In order to provide uniform bombardments, an
msulated Faraday cup was placed behind the target so
as ta collect the heam. This eno was conuected to a
precharged  polvstyrene condenser, the poteutial of
which was monitored by means of a Lindeman-Ryerson
clectrometer. A switching arrangement was provided so
as to permit termivation of the counting period swhen
the electrometer indicated zera potential.

Seintillation caunters consisting of a phosphor screen
and cither an RCA type 3819 or an FMI 3311 phota-
multiplier tube were used as particle detectors. Rather
thick favers of silver-activited zive sultide deposited on
giass slides from alcahol-water suspensions were found
to he satisfactory for initial survey work. These had
adequate  scusitivity  for hath alpha-particles and
protons and yet were camparatively insensitive ta the
gamma-ray backgrouind. Thin deposits of this same
ohosphar were found to be useful in obtaiagr dis-
cumination in caunuting alpha-particles in the presence
of undesired protans, A selsvn-controlled absorption-fail
shutter was monnted immediately in front of the scin-
tilkition screen so that alpha-particies could be stopped
when desired, This shwtier carried a num! er of alu-
minnm foils o diterent thickness, Pulses {rom the
phatamultiplier tube were fed by a cathode {ollower
through a long matched coavial line to a separate ronm
il further amplitied by a Jordan and Bell ivpe hinear

"R.—{'. Pound and W. D. Knighi, Rev Sci. In<r. 21, 2t9
L1956,

857
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FARTICLE ENCRIY = MEV

Fin. 1. Spectrum of magnetically analvzed pasticles obtained at
90° and Al bombarded by 8- Mev protons.

amplifier. The amplified pulses were fed into three pulse-
height discriminators, each set at a different levei and
ach connected to a separate scaling circuit. This
counting arrangement permitted c¢rude pulse-height
analysis to be made and indicated whether protons,
deuterons, or alpha-particles were heing counted during
initiat searches for charged particle groups.

CALIBRATION

The spectrometer was calibrated by using alpha-
particles from a poloninm deposit on a nickel piate
which was inserted in the normal target position. The
Bp value assumed for these particles was 3.3159X10*
gauss-cm™ which corresponds to an energy of 5.298
+0.002 Mev. Since the magnetic fields were always
measnred in terms of the frequency of proton magnetic
resonance, the speetroneter constants were calculated
in terms of frequency. The spectrometer constant®! for
alpha-particles (') was found to be (1.03632-0.002)
X101 Mev-sec?, and the constant for protons (€7t
was found to be (1.0292:£0002)X 107 Mev-sec?.
Croup energies calculated from these constants and
from the magnetic resonance frequencics corresponding

3 VanlPatler, Snerdulo, Huang, S:iruil, and Buechner, Phys
Rev. SI, 233 (1951).

BENDER,

ELY, AND HAI'SMAN
to the centers of the groups were corrected for energy

loss in the target and for relativistic shift,
RESULTS

A spectrum obtaimed from the hombardment of a
0.14 me o’ foil target 1s shown in Fig. 1. Spectroscopic
analysis showed that there was less than 0.1 nercent of
Na, Cu, and Fe in the target. Twenty inelastic proton
groups were chserved, nineteen appearing in this par-
ticular run. Two alpha-particle groups from the Al?
(p,a) Mg reaction corresponding to excitation of the
1.38-Mev and 4.14-Mev levels in Mgt were found. These
two are labelled “¢'" and “1"§ in the hgure. Carbon
deposits which  formed during  hombardment con-
tributed another proton group which does not appear
in Fig. | since these data were obtained immediately
after a clean target was inserted. ‘The proton group “d”
was superimposed on the alpha-group “¢” and was
isolated by insertion of a 10 mgcm® absorbing foil
between the spectrometer exit-stit and scintillation
detector.

The energy resolution obtained for these groups was
about one percent. The width of the groups was at-
tributed to several sources: (1) the praton heam had a
half-width of 20 kev; (2) the angular acceptance of the
spectrometer plus the angular divergence of the beam
contributed 43 kev to the width of 6 Mev; (3) the finite
resolution of the spectrometer (J-in. source and exit
slit widths) contributed 31 kev to the width at 6 Mev.

The measured line shapes were quite good fits to a
normal distribution function and exhibited little asvm-
metry. ) cation of Pearson’s chi-square test to the
data for tive of the most intense inelastic groups resulted
in an average probability of 0.3 for the normal dis-

Tasrr L. Encrgy levels of aluminum.

Iresent Nharges and Shoemaker
work Haizer Relles e sl VanPatter
0.844 0.24 0.82 0.86
1.016 1.02 0.97 1.045 1.02
1.8§5
2259 2.15 2.39 2.22% 212
2782 278 233 232
3. (46 3.04 37
3.736 3.7
4.018
4.115
4473 43
4.575
4.047 1.71
4 875
4.990
5.107
8220
S5.341 5.3
5.501
5.565
5.620
5.736 58 876

§ Note adiea in proof- Subsecuen! investigalions have shown
peak 8" to be a donblet, corresponding to levels in Mg¥ a1 4.11
anG 4.21 Mev.
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tribution. Since a chi-sauare probabiity of D.01 is cor.
sidered satisfactory M the lines were assumed to be
normal in shape, and hine centers were determined from
the computed “hest-tit” enrves.

The eaergy levels determined for AF7 are showii in
Tabie T and Ilig. 2. The probable errors in these have
been estimated as being 1.020 Mev from the uncertainty
in determination of the group centers and from the
nneertainty a the calibration coustant. In Table 1
the levels listed by Alburger and Iafoer,i* which were
the result of & literature survey covering the work
reported Letoce 1950, are given, along with more recent
data reporte:l by Kellor,* by Van Patter, Sperduto, and
Fange,® and by Shoemaker, Faulkner, Bouricius, Kauf-
mann, and Mooring.'® It will be noted that i this
experiment no scattering was observed corresponding
to excitation of the 1.83-Mev level. Ten levels which
were not previously reported were found.

We wish to acknowledge the help received from Dr.

WAL G Wortling and J. Gefiner, Treatment of Fxperimentil
Data (Johe Wilev & Sans, Inc, New York, 1946), pp. 183 I8,

B AMburger and EoONML Haiver, Revs: Modern Pins 22,
373 11950

¢ Shoemaker, Faulkner, Bouricius, Kacimans, and Mooring,
Phys. Rev. 83, 1011 (1931,
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D. Halliday, Dr. L. Page, Dr. . Steble, from My E.
Perkins, Mr. R. Weise, Mr. J. Kare, as well as from
the many other members of the Laboratory who have
taken an interest in this project.
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Inelastic Scattering of Protons from Nickel*

Roaveew Fuy, Joot A JAniew, JL SO ArTHUR, RS, Binoeg, 3§ Havssan, aso EM. Rk
University of Pittsburgit, Pillsburih 13, Penwnsyleania

{Received February 18, 1932)

By use of the equipment developed for the precision scatteriog project an the University of Pittshurgh,
raclastic seattering of 8 Mev protons from a thin nickel target Las been observed at O0°, The energy levels
obtaired for ratural nickel are 1,344, 1.479, 2186, 2.320, 2.50%, 2.6(), 2.814, 2916, 308!, 3.161, 3.220,
3.308, 3,462, 3.373.3 646, 3 773, 3823, 3044, 3979, and 4.000 Mev. Al present, enly the three levels §.344,
1479, 2 304 Mev can be assizned to nickel 60 fron corpatison with beta decay of cobait 0.

INTRODUCTION

NLERGY levels in nickel have been observed by
the inelastic scattering ol protons from a nickel
foil. The apparatus and method of analysis of the data
are the same as that of the precedting paper. Picke snd
Marshall,* with incident protons of 0.9 NMev, were
unable to observe any levels in nickel. Fulbright and

* Work done in the Sarali Melion Scaile Radiation Lalicratory
and assisted by the Joim program i the ONR and AEC and the
Rescasch Corporation.

1 Now at Westinghouse Atomic Poscr Division, Betis Field,
Pitsnurgh, Pers oyl

¢ Now al Camp Evaine Signad Laborasories, Beimar, New Jersev.

! Reiflev, Alfer, Aribur, Bender, Elv.and Hausman, Phys. Rev
86, 857 (1032

R Dlicke and J. Marshall, Phys Rev. 63, 80 11943:.

Bush,? using 3-17 Mev protons from the I'rinceton
evelotron, reported one weak level in nickel at 3.8 Mev
as well as a broad band of tracks in the photographic
emulsion used jor detection, This broid band suggests
cither that a three-pariicle disintegration is occurring
or that the levels are too close to be resolved with their
cquipment. I the present study, twenty energy levels
have been observed.

The target (obtamed from the Chromium Corporation
of Amiertca) was a nicked foil of areal density 0.5392£2.5
percent mg am’. Specirorcopic soalyvsis showed less

“thim 001 percent of copper in the tarzer. The soarce

and snalvzer sits were 3 -inch widde, lu all other respects
the experimental detiis were essentially as reported in
the preceding paper.

SHOW. Fulbnght ard R. R, Bush, Phys. Rev. 74, 1323 (1948,
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Fis U Spectrum of protons scattered irom rickel at 90°,

RESULTS

Figure 1 shows the energy specirum obtained for
% Mev protons scattered from nickel at 90°, Inserting
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Fio 2 Eunergy leve! schome for nickel

absorption foils in front of the detector shows that all
are proton peaks. Peak “a” is the nickel ela<tic peak,
while 8" is the clastic peak caused Dy a thin carbon
deposit which formed during bombardment. Table 1
shows the energies of the resultant levels; they are cor
rected for recoil nucleus, relativistic, and target energy
loss efiects. A probable error of the order of 20 kev
seents reasonable. Below 3.6 Mev in Fig. 1 are several
partially resolved peaks. Tentative but questionable
assignment of these peaks are: 4,29, 4,33, 134, 447,
and 4.50 Mev.,

Figure 2 shiows the energy levei scheme for nickel.
Brady and Deutseh,t from beta-decay of Co®, report

Tasik L rnergy Tevels of nickel.

Brads ant leti Fuibnight
I nergy Deut.ch el al. anl Bush
Leve! NMer Mev Mev Mev

1.3+ 1.33

1.479 IS
2186
2.3206
2 501
2 660)
2814
2946
3 081
3101
3.226
3308
3.302
3573
3.636
3733
3823 38
3044

3979

4 000

(B
1
=

e o O I T A

ievels of 1.33 Mev and 2.30 Mev in Ni®. The third level
s at L3 Mev in Ni% as reported by Leith, Bratenahl,
and Mover® from positron decay of Cu®. The remairing
levels are as vet unassigned to a particular isotope. The
level obtained by Fulbright and Bush® is shown at 3.8
Mev.

We wish to ackaoaledge the help received {from Dr.
D. Hatliday, Dr. L. Page, Dr. P. Stehle, Mr. 15 Perkins,
Mr. R Weise, and Mr. Jo Kane, as well as from the
many other members of the Laboratory who have 1aken
an interest i tas project.

100 Brady and M Deutsch, Phyvs Rev, 74, 154 (19480,
$ Leith, Bratenahl, and Mever, Phys Rev 72, 732 (19473
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Radiofrequency Power Supply*

toM
KNalos:
Recose !l

HIGH voliage power supply has been designed haviag a

maximum current output of 300 microamperes for use with
any equipment wherein very high de stability of the supply voltage
is essentral. The mput to the regulation section of the supply s a
de amplifier wired as a ditference amplitier, the de reference
voltage supplicd by a 3631 voltage reguiator tubxe operating at
constar current. Becanse of the two stages of de anphiication, the

e t

piate swing of tube Vi s fimited to =530 volts. Tt isalearable that
the plate of V3 he at about 223 volis, the mid point of i1s range,
under actual load conditions. The sereen bias of V3 may be set in
two ways. Either the plate of V3 may be connected directly to the
grid of V2B ard an OA2 or OB2 VR tube used to obtain proper
screen hias, or a high resistance chain (K1,K2) may he used to drop
part of the voltage applied to the grid of V2B. The following proce-
dure may be used to tutic the plate circuit of the oscillator. A
variable condenser, 4001000 uuf, is placed in the tank circuit of
the 6AQS5 oscillator. Under load conditions—-eaternal icad at
desired potential —the condenser is tuned to mirimize the screen
polential of X3,

Retztry t R S Bevn k.
claborators, Usriersaly of Faltshuren, Pagdheo i
Nave= e 2 198]

Ao !

U ae s

Peaarr i

An output voltage from 300 to 3000 volts is obtained Ly use of
the wire wound resistance chain. The switch gives 500-voit steps
and the 100A potentiometer a continuous control over the range.
A 2K precision resistor is included in the fixed chain for measuring
the absohtte value of the output voltage with a potentiometer.

The de output voltage measured over a period of 48 houts shifted
less than two parts iz 10,000; over a period of § hour, the deviation
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was ess than one part in 10,000, For these determinations, a well
regulated 300 volt supply was used. The ac ripple content in the
ottput de has been measurerl s being less than 10 millivolts.

Dz B. L. Robinson of The johns Hepkins University has tried a
simple method for conversion of the present supply to a negative
nutput. The technigue is to ground the B - of the 300-volt supply
for the regulation section, In order to get a suitable grid reference
voltage LU is necessary to nse 5631 tubes in series from groumid to
the grid of VIB.

*\Warg ‘Pome

Assivte L by (hie g0
CNOw L e

1he Sarah M-llan scade [Rarbation Tabaatarye et
R * e ONKR an 't (he \BC
1w Signal daboratonies, Relima:

Noew decwry




e

Reprinted from: Tue Reviia or Scestine Instrosinnts, Vol 220 No o 1) 342347 October. 1932
Printed in U § A

The University of Pittsburgh Scattering Project®

Ko~ bezper, FoMORetey g A Ay, R Ry |50 Arriek, axn L 1 Haesuas
Rediction Laboritory University of Pittsburcis, Pittshurch, Pennsiloenty

‘Received January 3, 1952;

A\ scattering program at the University of Pittehurgh uses charged purticles irom 1he cvclotron (8-Mev
protons, 16-Mev deuterons, and 32 mev alpha-particles” An clectromagret focuses the cyvcloiron Heam
through an apeiture in an 8.ft shielding wall into a scatiering labozatory; a sccond magnet analyzes the
beam in erergy; a thisd magnet analyvzes the encrgy of the charged particles produce:l in the reaction. For
va-in. unalyzing slits 1.0 microamperes of 8:£ 1.010-Nev protons arcavailable at the target 31 ft distant from
the cyelotron. The reaclion particle analyzer can he rolated about the target. ‘The energy dispersion for
5.298-Mev alpha-particles is 0.192 Mev - in. for each analyzer; the monientiun resolution is I part in 830
The detector is a scintillalion counter. The encrgy determitations st present stage of development are
thought to be accuraie to 2:0.2 percent ascribed 1o magnet calibration urcertainties. Energies above and
below this value are thought 10 be of the same precision bat the actual calibrations have nol been completed,

INTRODUCTION

HE University of Pittsburgh cyvclotron aceelerates

protons to an energy of 8 Mev, denterons to
16 Mev, and alpha-particles to 32 Mev, Radiation
background makes the direct study of nuclear reactions
in the cyclotron chamber itsell very: ditficult. Also the
spreads in angle and in energy of the cyclotron external
beam are large and attempts to reduce these factors
by simple collimation would greatly reduce the beam
intensity. To overcome these obstacles a shielded
scattering laboratory was built into a hillside just
behind the eyclotron chamber. An 8-t wall was placed
between these two rooms. One can work safely in the
scattering laboratory with the eyclotron operating as
long as the beam is not focused to the room. An
aluminum duct system transports the incident heam
31 feet through focusing and beam analyzing magnets
to the scattering chamber; the charged particles from
the reaction traverse an additional 10 feet of duct
system through a second analyzing magnet to a scintil-
lation detector. For 8-Mev protons a normal beam at
the target through % -in. slits is 1.0 microampere with
an energy spread of £0.010 Mev.
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Fic. 1. Plan view o the cvclotron and the scattering project.

®* Work done in Sarah Mcllon Scaife Radiation Laboratory
and assisted by the Joint Program of the ONR and the ATC, and
the Research Corporation.

t Now at Camp Fvans Signal Lalis, Belmar, New Jersey.

$ Now at Westinghouse Atomic Power Division, Bettis Field,
Pittsburgh, Penns:ivania.

BEAM FOCUSING AND ANALYSIS

An electromagnet in the cvclotron room isce Fig. 13
ix designed to focus the eyclotron beam on to an ad-
justable slit located in the 18-in. high water tauk
which forms part of the shielding wall. Since the eyvelo
tron beam has no well-defined source, @ single magnet
cannot well be used for foensing and for prectse energy
analyvsis of the beam. By nsing separate focusing and
analyzing magnets, it is possible to remove this limita-
tion. At the same time the focusing magnet increases the
distance between the cyvclotron and target and enables
better shielding of the counting area from the cvclotron
background radiation.

A st located at the focal point of the focusing
nutgnet, serves asan effective source for the hbeam ana
lyzing magunet. The slit is 1 in. high and formed from
2 pieces of §-in. thick tantalum with carefully machined
edges. From a position in the scattering laboratory
(without breaking the vacuum) its width mayv be ad-
justed to within 21 mil. Madified Helmholtz coils
along the duct in from of the focusing magnet are used
to raise and lower the cvclotron beam.

The second magnet ts used for energy analvsis. it 1s
placed in the scattering laboratory close to the shielding
wall and produces an image of the adjustable shit at a
point near the center of the room. This magnet was
calibrated by using alpha-particles from polonium.
The magnetic field strength in the gap was measured
by a proton magnetic resonance detector. The Hp
value used for the poloninm alpha-particles was 3.3159
2:0.0007X [(® gauss-em as reported by Van Patter
el al'; this corresponds to an energy of 3.298+:0.002
Mev,

Two sets of adjustable stops are used to -letine the
heam in angular spread. The tirst is placed in front of
the pole tips of the focusing magnet and allows a maxi-
mum total spread of 10 degrees. 'The second is placed
in front of the pole tips of the beam analvzing magnet,
allowing a maximum total heam spread of & degrees.

' Van Patter, Sperduto, Huang, Straight, and Buechner, Phys.
Rev. 81, 233 (1951).
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To facilitate tuning the cyclotron. insulated drop
probes or beam catching plates connected to remote
rmicroammeters are located at (i) the cyclotron exit
port (a drop prohe). (2) just in front of the focusing
magnet (top and bottom plates), (3} behind the foensing
magnet (a drop probe), (4) at the adjustable slit (top,
hottom. right, and left plates), and (5) in the scattering
chamber (top and bottom plates).

A brass plate with a milled slit % in.X 1 in. is lucated
at the focal point of the beam analyzer. The target
is placed 1} in. beyond this slit. Since the targets used
are very thin foils most of the beam passes through
and is collected in a Faraday cup placed eight inches
fiom the target. This cup is connected by means of a
polyethylene insulated coaxial cable to eithes a current
integrator or a microammeter. Beam currents of 1.0
microamperes for continuous operation can be obtained.
Under these conditions the cyclotron beam current to
the drop probe at the cyclotron exit port is 120 micro-
amperes and that to the probe behind the focnsing
magnet is 40 microamperes.

REACTION PARTICLE ANALYSIS

A third magnet was constructed to measure the
energies of the charged particles emitted from tihe
target. It is mounted on a rotatable carriage; a sylphon
coupling is arranged between the scattering chamber
exit ports and the reaction analyzer vacuum duct
system so that studies can be made at a continuous
range of scattering angles up to within 3t degrees of
the normal center line of the incident heam. A set of
adjustable stops defines the total angular spread of the
emerging particles up to a maximum of 10 degrees.

SCATTERING CHAMBER DESIGN

A plan view of the scattering chamber is shown in
Fig. 2. This chamber was formed of 2-in. aluminum
(alloy 61-ST) by rolling from a 6-in. wide strip. After
rolling into a ring of 14}-in. i.d., the joint was arc-
welded in an argon atmosphere. Machining of gasket
groves and ports was done after this welding operation.
Top and bottom plates of 3-in. aluminum (alloy 61-8T)
were pinned in position by one small blind steel pin each.

The target holder is mounted on the top of a brass
tube which is located on the axis of the scattering
chamber. The target foils are mounted between two
small rectangular frames which are bolted together
thus clamping the foil along its four edges. Three of
these foil mounts can be placed in the target holder
at one time, one above the other. An O-ring seal around
the Lirass supporting tube permits any one of the three
to be placed in the beam without disturbing the
vacuum. Provisici is also made for heating the targets
in place to minimize the formation of carbon deposits
on the targets. A Faraday cup is placed in the zero
degree port and intercepts the beam passing through
the target. A 4-in. long cylindrical insulated guard ring
1s placed in front of the Faraday cnp.

PITTSBURGH

SCATTERING PROJECT

BCATT(R.NG (HAMBL®

k16, 2. Plan view of the scattering chamber.

The slit which defines the energy spread of the beam
incident on the target is rigidiy attached to the scatter-
ing chamber; the slit system defining the angular
spread of the emergent particle beam can be pivoted
horizontally about the center of the chamber. The
solid angle intercepted by the particle analyzing magnet
is aetermined by a single slit located m this emergent
particle slit system.

MAGNET DESIGN

The three magnets were designed to produce fields
large cnough to focus 16-Mev deuterons or 32-Mev
alpha-particles. The IIp vulue for cither of these two
particles is 810 k-gauss-cm. If one chooses a nominal
~ alue of 13,000 gauss for the magnetic field, the radius
of curvature is 62.5 cm. The energy dispersion for 8-Mev
protons is 0.320 Mev ‘inch. An energy spread of £0.010
Mev for 8-Mev protons is thus obtained with %-in.
analyzing slits.

Design of the magnet was conservative in anticipa-
tior: of possible increased cyclotron beam energy. As a
result, the magnetic fields of the completed magnets
are relatively linear with current up to 16,000 gauss
and a neld of 18,000 gauss can casily be achieved.

Mainly for shielding reasons the target position was
chosen to be about 31 feet from the cyclotron exit port.
The architecture then dictated that the straight line
distance between source and image be 190 in. for the
focusing magnet and 1535 in. for the beam analyzer.
The resultant detlection angles are 14 degrees for the
median ray through the focusing magnet and 40 degrees
for the median ray through the beam analyzer. The
straight line distance between source and image for the
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seaction particte anslyvaer was chosen te be 82 in. i it
were larger the magnet could not be rotated abont the
target in the s<cattering room. Its median ray is de-
tected tlirough 60 degrees. The magnets were designed
10 accommodate the norpul I degree total angalar
spread of the evelotron heam.

The magnet vokes are C typr, with rectangnlar cross
section, Hame cut from the appropriate thickness of
annealed SAF 10-20 steel. The faces of the ¢ vokes
were machined parallel to :+:2 mils. Seven-inch poie
pieces, coil cores, are bolted to these maduned faces.
To these pole pieces are bolted I-inch thick iron sligs
having a shape and size intermediate between that of
the pole pieces and that of the sector shaped pole tips
which are also I-in. thick. These intermediate slugs
are made with rounded corners in order that vacuum
scals may be .nade to them. The magnet air gaps were
chosen as Iin., which is a compromise between the thick-
ness of the emergent cyvclotron beam and the power
requirements of the magnets.

The foecusing magnet consists of 20664 turns, with 5
tons of iron and 667 pounds of copper. The beam ana-
lyzing magnet and reaction particte analyzing magnet
have 3848 turns with 6 tons of 1ron and 964 pounds of
copper. These two analyzing magnets are similar ex-
cent for the shape of the intermediate slugs and pole
tips.

The coils are wound with copper strap | in. wide by
60 mils thick which inclndes a H-mil thickness of sili-
cone-varnish impregnated glass insulation. Sub-coils
are first wound to produce a coil }-in. wide and 75 turns
deep. Pairs of these sub-coils are assembled side by side
such that their windings are in opposite directions. The
inner turns are solderea together. The coil-pairs are
then sandwiched between J-in. thick copper disks
and the outer turns of adjacent coil-pairs are soldered
together. Water cooling is accomplished by soldering
copper tubing to the outer rims of the copper disks.

TRIMMING OF THE POLE TIPS

Two problems arise in the positioning of the pole tips
relative to the magnet slugs and voke. First, reposition-
ing the tips on the intermediate stugs. and second, ob-
taining a constant repraducible gap width. The position-

FRG Sy wlLomanild
seme

- - .. 38 08 B

_Fi16. 3. Magner tnmming arrangemeni. Plan view of a pole-
1ip of the beam analyzing magnel showing the source and delecior
siits and the siiding aperiure.
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my relative 10 the intermediate slugs wis saccomplished
by dowel pinning the tips to the slugs at two points.

Inorder to insure a constant, reproducible gap width,
the jaws of the voke were jacked apart and stainless
steel permanent spacers were mserted between the
iternediate shags at 4 poiuts. Four inchined plane jacks
were placed in each air gap o hold the pole tips against
the intermediate stugs. ‘The air gaps are reproducibie to
within 3 parts in 10,

In designing the three magnets account was taken of
first-order deviations from optimum focus due to the
fringing field of the sectors. The niethod is an extension
of the work done by Coggeshall* and by Roters?
Second order deviations were corrected  empirically
by ascertaining the magnetic field necessary for focusing
monocnergetic particles through various arc segments
of the air gap and removing iron from the tips where
necessary. The empirical cutting procedure for the beam
analyzing magnet and the reaction particle analyzing
magnet are similar, and hence, only the procedure for
the beant analyzing magnet will be discussed.

Two siits (4% in. wide and T {i. high) were placed at
the approximate source and image position of the
magnet. A polonium alpha-source was placed in front
of the input slit. Behind the detector siit was placed
an RCA-3819 photomultiplier tube with a scintillation
screen of zine sulfide mounted on a Lucite light pipe.
All of the magnet gap was blocked to the passage of
alpha-particles except for a j-in. window which could
be moved laterally across the magnet gap in 3-in. steps.
(see 1"ig. 3). At each step the counting rate was deter-
mined as a function of the magnetic tield. From these
data one can determine the magnetic tield value, ex-
pressed i terms of the proton resonance frequency,
which is necessary to focus the monoenergetic polonium
alpha-particles at each 3-in. step. Such a curve is shown
in Fig. 4 marked *'fma; original.” An arbitrary frequency

fo, which was higher than any =f the observed fre-

quencies, was chosen (in this example fo=21.700
me ‘'sec). As a first approximation for determining the
amount of material to be removed at each point along
the pole tips, the expression Al l=: (fu—fuma:) fa was
used, where Al is the material to be removed and [ is
the particle path length in the magnetic field. This
method of calculating the amount of material to be
removed from the edges of the pole tips is conservative.
After the arst few cuts, however, a correlation appeared
between the amount of material removed from a definite
position and the improvement in focusing at the same
point. This empirical corretation is used to guide the
subsequent cuts. {Tutting was stopped when the maxi-
mum deviation in relative locusing of the monoenergetic
alpha-particles at the varions segment positions fell
within the error caused by failure to reprodnce the gap
width. After the tinal cnt, the maximum deviation

IN. D, Coggcsha[l, J. Appl. Phys. 18, 855 (1947).

3H. C. Roters, Flectromagnetic Devices (John Wiley & Sons
Irc., New York, 1941).
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from the mean of 1the proton fesonance irequency for
focusing ot cach point was less than 3 parts in 10,000,

To determine the dispersive power of the magnet,
the target slit was replaced by two -in. slits separated
! iaLin the image plane. A curve of particle eount versus
puagnetic field wath full magnet aperture gave a value
for the dispersive power. for 3.298-Mev aipha-particles,
of 0.192 Mev in. Line shapes using the polonium <ource
were taken with full apertiure to deterniine the resolving
power of the magne.s. A vialie of the order ¢f one part
in 850 of momentum was found after corrections had
heen made for source thickness.

The beam focusing magnet in the cyclotron room was
also tnnmmed empirically. The evclotron beam was used
as it source while a Faraday aup behind the adjustable
st was used as a beam collector. The beam intensity
was measured with a galvanometer. The dita for final
trimming were obtamed using the beam analyzing
magnet set to focus cvelotron protons at approximately
the median energy of the cyclotron spectrum. The
criterion for cutting was then dictated by the condition
that the maxiinum number of particles of the selected
energy range be focused into the scattering chamber.

After the magnets had been trimmed and positioned
for a scattering experiment, repeated calibration checks
were made. If air lad not heen admitted to the system
between calibration runs, the probable error in re-
producing the calibration constant was -4 parts in 108
However, over i@ 4-month penod, the system was down
to air many times for checks and adjustiments. Th
probable error in reproducing the calibration constant
over this period rose to 4 parts in 10%. It is believed that
this failure to reproduce the calibration constant is
due to small geometrical shifts in 1he system when the
svstem is being either pumped down to vacuam or
opened to air. To correct for these uncertainties, it is
planned ta place a remotels controlled poloninm line
source at the adjustiable shit and one at the target holder
permitting a check on the cafibration constants at any
time during the experiment.

DETECTION AND COUNTING ARRANGEMENT

The detector adopted i< & scintiilation screen and
photomultiplier tube mounted outside the vacuum
svsten. A 0.053-mil nickel foil is cemented to the back
of the detector slit as a vacuum scal. The photomulti-
plier tebe (EMI type 3311) is encased in an aluminum
tubing light shield such rhat it can be adjusted in posi-
tion axially and brought as close as is practical to the
nickel window. A zinc sulfide screen is deposited on a
piece of a glass kearern slide (3 in. X1 in.) by settling
from ar alcohol-water suspensior. This screen is taped
to the photosurface part of the tube with Scotch cello-
phane tape. A <mall amoimt of microscope immersion
oil i3 placed between the tube face aad the glass plate
so that good optical contact s obtamed.

Zine suinde was chosen for the scintillation screen
for several reasons. The efficicicy of a thin ZnS screen
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Fic. 4. Plot of the magnetic ficld necessary to focus Po alpha-
particles at #-in. openings along the pole-tip edge. The bottom
curve was taken prior to trimming. The top curve represents the
second of a series ol cuts.

for gamma-ray and neutron background radiation 1s
sinall as compared to other crystals checked. Tt was
also found that far an appropriate thickness of ZnS,
the pulse height distribution for charged particles is
approximately independent of energy over a wide
range. Thus, it is not necessiary to continually change
the bias settings of the input discriminators to the
scaling circuits as particles of different energies are
counted.

By usimg an M1 5311 photomultiplier tube, and
with polonium alpha-particles inci:lent on a ZnS screen
forty-voit pulses of narrow lalf-width are obtainable
with a good signal to noise ratio. The pulses from the
photomultiphier collector are fed into a cathode follower
consisting of 1 parallel connected double (riode (12
BHNY, which is necessary to drive ilre eighty-foot
length of RG7 U coaxial cabie that conducts the pulses
to the counting system. This cable is terminited with
a 100-ohm resistor in order to minimize reflections.
The terminated cable is connected to the input of a
Jordan and Bel! lincar amplifier* modified to have a
faster rise-time at the expense of gain. Output pulses
from this amplifier are inserted into the input discri-
minator of a scaling circuit. This consists of one Model
108 and one Malel 109 decade counting strip§ and a
Veeder Root mechanical register.

A remotely controlied swinging gate is included in
the vacuum system of the reaction particle magnet so
that all particles from the scattering chamber can be
intercepted. This is helpful in determining the countable
background duc to gamma-ray and neutron fluxes in
the scattering laboratory. Also included is a 1emotely
controlled polonium alpha-particle source which can be
swung in front of the detector shit. This is convenient
for adjusting the photomuhiplier tube voltage 2nd the
amplitier grin, and enables connting ¢onditions to be

*W. H. Jordan and P. R. Bell, Rev. Sci. Instr. 18, 703 (1947,
§ Atomic Insurument Company, BBoston, Massachusetts.
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reproduced from day (o day. Bt is also of some value
in identifying the types of particles heing counted.

[dentification of reaction products —in general, alpha-
particles and protons -is made hy nieans of aluminum
foils. Since protons and alpha-particles of the same
energy are focused by the same magnetic feld, dif-
ferentiation is accomplished by using the difference in
specific ionization of the two particles. For a certain
thickness of absorber, alpha-particles will be stopped
while protons of the same initial energy will pass
through at reduced energy. A remotely controlled foil
injector systcm is mounted directly preceding the
detector slit in the duct system of the particle aralyzing
magnet. In addition to the foils vsedt for distingnishing
proton and alpha-particles, a second set of foils is usad
to decrease the energy of the particles from a fixed
energy proton resonance level- in general, the clastic
scattering peak—in known energy decrements. This
process gives a rough measurement of the efficiency of
the scintillating material as a function of energy.

In an attempt to reduce background radiation re-
sulting when the bheam of 8-Mev protons strikes the
angular collimators, target slits, and Faraday cup,
various high atomic number materials werc tested to
determine their activities relative to the present colli-
mating materials—namely, brass and ahiminum. The
activities for tantalum and
mately 4 the activity of brass for the same number of
incident particles; the activity for molybdenum was }
that for brass. It is planned ta cover 2ll areas exposed to
the beam in the scattering laboratory with tantalum.

Integration of the beam current is accomplished by
connecting the Faraday cup to a pre-charged condenser
tind observing the discharge with a quartz fiber quand-
rant electrometer made by the Cambridge Instrument

tungsten were approxi-

Fro. S. Oscilloscope pattera showing the proton absorption
signal on the lower trace and on the upper trace, the beat signal
between a frequency meter and the magnetic resonance oscllator
frequency.
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Company. A bank of polvsivrene-insulated condessers
vith a capacity of one microfarad and charged to a
potential of 10 volts is used. The electrometer 1s used
as a mull indicator. With a typical heam carrent of 0.5
microampere collected by the Faraday cup « counting
interval consists of a twenty-second period in which
10 microcoulombs of charge are transferred. The rela-
tive accaracy in beam current integration under these
conditions is of the order of one part in 300. An auto-
matically operating electronic current integrator has
just heen developed to replace the manually operateed
integrator.

MAGNETIC FIELD MEASUREMENTS

Magnetic field measurements are made by measuring
at resonance the frequency 7 of a proton magnetic
resonance oscillator whose absorption signal width at
half-maximum is 0.3 gauss. This frequency is related
to the magnetic field 5 by

B=2xf"y, (1)

where v is the nuclear gyromagnetic ratio.

The radiofrequency oscillator 1s somewhat similar
to that used by Pound and Knight.* The audiofrequency
component of the oscillator output is detected by a
diode rectifier, amplified by a high gain audio-amplifier,
and Jed toa coaxial cabie. In the control room the signal
from the cable is further amplified and injected into
an electronic switch.

In the same chassis with the oscillator is an anode
follower which feeds a small portion of the radiofre-
quency output of the oscillator through another coaxial
cable to a frequency meter in the control room. It also
serves to isolate the proton absorption signal channel
from the audio beat note of the frequency meter.

The electronic switch drives an oscilloscope which
displays two traces cimultaneously (see Fig. 3). The
top trace displays the beat frequency output of the
frequency meter while the bottom trace displays the
absorption signal.

DATA TAKING AND PERFORMANCE

The chain of operations followed in order to obtain
an accurately known magnetic field is as follows. The
frequency meter is tuned to an appropriate sub-
harmonic of the frequency f given by the relationship
(Eq. 1), The remote selsvn dial connccted to the tuning
condenser of the magnetic resonance oscillator is tuned
until a zero beat frequency appears on the top trace of
the oscilloscope pattern. Finally, the magnetic field is
varied 1 changing the magnet current until the ab-
sorption signal appears on the lower trace. By using the
zero beat displayed, frequencies can be measured to
within 1 part in 30,000; the magnetic fieldd can be set.
using the center of the absorption peak, to within +0.1
gauss.

¢ R. V. Pound and W. D. Knight, Rev. Sqi. Instr. 21, 219 (1950).
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AMEwagaetic tields are el cmstant o bester than
part in 30,000 by clectronic current regulintors. Essenti
ally the operatior, consists of a comparisor, by means of
@ Brown vibrator, of an adjustable potential with
sample voltage tahen from a manganin p~istor in the
magnet cirevit. Fhe difference - amphtied aml phase
detected for use in controliing the Held excitation of a
500-watt amplidyne which in turn supplies the ev-
citation for 4 5-kw geverator supplying the magnet
current.

‘The energy increments used in surveying the energy
levels of a particutar nucleus are determined primarily
by the energy spread of the incident beam. In general
with 4%-in. slits for the energy analyzing magnet which
defines the energy as 8-+.0.010 Mev, the magnetic tield
cf the reaction particle magnet is changed in 0.010- Mev
steps. The time necessary for a survey run may amonnt
to 35 hours of continuous running. ‘Throughout the
run, the magnetic field of the heam analyzing magnet
remains fixed to within =0.1 gauss. Over the total
running period oniy minor adjustments need be made
on the tuning of the cvclotron permitting continuous
currents of the order of 1.0 microamperes to be main-
tained with a total variation in heam intensi'y of & 10
percent.

To date the energy levels of Al, Ni, Au, Bi, Cu, C
have been surveved. Nickel and copper targets hive
been generousty supplied by the Chrominm Corporation
of Awmerica, Waterbury, Connecticut. A typicat survey
run is shown n Fig. 6. A thin target (0.63 micron) of
naturally occurring copper was bormbarded with 8- Mev
protons having an energy spread of £0.010 Mev and
the reaction products observed at 90 degrees to the
incident beam. The angular spread of the incident
beam was 3 degrees; of the outgoing beam, -2
degrees. Peaks a, b, and d of the Cu spectrum are the
elastic peaks of copper,oxygen,and carbon, respectively.
However, the overlap secen on peak o is probably due
to a superposition of the 0.96-Mev energy level of
Cu® and the carbon elastic peak. Pcaks ¢ and r have
been tentatively assigiced to the 1.89-Mev level and
the 2.60-Mev level of Cu®, respectively. A tentative
assignment of peak ¢ to the 1.12-Mev level of Cu®
and peak g to the 1.49-Mev level of Cu® can also be
made.

Fxcept for peaks ¢ and f of the Cu spectrum, it can
be seen that peaks @ through z are resolved sufficiently
so that encrgy levels could be assigned. However, most
of the proton peaks of cnergy less than 4.0 Mev
are not sufficiently resolved by our apparatus at present
to permit an accurate assignment of levels. The com-
plexity of the spectra from nuclei with mass nunrher
nenr Cuis approaching the limit of resolution of our
apparatus. For the copper run, counting intervals
were averaging i minute per experimental point using
Je-in, detector and source <lits and having beam cur-
rents on the order of 0.7 iicroampere.

It is believed that a “gnificant increase in the peirk-
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Fic. 6. Specrra of charge] particles emitted from copper at 90°,
A plot of the counts per 40 micro coulnmbs of 8-Mev prolons
through the 1arget rersus scartered particle energy.

to-background intensity ratio can be obtained by using
tantalum as a beam stopping material in the counting
laboratory to reduce background radiation. Also, the
resotution of the system can be increased by decreasing
the angular and energy spreads of the incident heam.
This would mean longer running times due to the de-
crease in beam intensity

CONCLUSION

The scattering apparatus represents a tlexible ex-
perimental tool for extending nuclear measurements
of Van de Graaf precision to the region of medium
cnergies. \With this equipment experinients can be
performed wnder clean observational conditions of low
background, precise control of energy and energy spread,
and good collimation. Angular correlation studies are
plmied.

The anthors wish ta thank Dr. David Halliday, Dr.
Lorue A, Page. and Mr. Clavton J. MeDuole, who helped
i the early stages of development. Fhey are alss in-
debted to Mr. Robert 1. Weise, Mr. John I°. Kane, and
Mr. Fugene M. Perkins for their help in the design anc
development stages of the project.
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The Quenching of Ortho-Posiuoninm Decay
by a Magnetic Field’

Joars AWt v

lognsorn o Possebagh,
Rever. ol Sepen

Wl have measured the gnencling of threeaquantinm anm
hilation from positrorinm by a magnetic held.? This eitect
has heen detected by Deutsch and Duiat? and by Ponel and Dicke?
using chiderent methods, Positrotium was formed in SF¢ gas in a
chamber placed between the poles of o magnet. The |)0<ilro:1 soutce
was ~0.01 1t Na¥ ou a Zapon tim. The decay of the 23: posi
tronium was detected by three Nal scintillation counters placed
with their axes 120° apart in the panc perpendicular to the
magnetic lield.* The lnckgmnnr" triple coincidence rate was found
by letting nitric oxide inta the gas chamber. Generaliy, the back-
ground was about ten percent of the total triple eoineidence rate
The magnet was specialiy designed and the 3819 photomultiphiess
magnetically shiclded to eliminate magnetic fickl cfiecis on the
counters. At a given pressure we measured the ratio n(/f) of the
true triple coincidence rate at the teld # to that at #-0

If one plots n(17), against (1 =n" "I, one should obtain - at low
enough gas densitics —a sirzight line whose intercep: is the frac-
tion of the rate contributed by the XS;. my= 1 states. A typical
experimental curve is shown in Fig. 1 for a density of 0.052 g ‘cm?.
It is clear that the ms=+1 states supply less than two-thirds of
the zcro field rate. This is in agreement with calculations by
Drisko* who finds that the probability for annihilation from any
particular m; substate of the 35, state depends on the angle of the
plane of the annihilation with the external field. In the special
case corresponding to our geometry, Drisko finds that the m;~0
state contributes one-hali of the zero field rate. All our data are in
agreement with this result.

If collisions are ignored, the theoretical expression for n(#) for
our geometry is

n(H) = (24a%q) /(2 +24%r;),

where ro=17,/7,= 1120 as given threretically by Ore and Powell ¢
and a=2uoH /3K with AK the ground state splitting as determined
recently by Deutsch and Brown.? Ii one includes the possibility
that collisions with gas atoms can cause transitions from J=1 to
J =G (probability per unit time A=.Yv¢) and transitions in which
my changes with 3J =0 (probability per unit time N = N:a),
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the situation is nore complicated * Transitions of the latter type
cause n{/f: to approach a tugh field limit of less than 4.

At high telds 1he quenching is relatively more sensitive to A
than to X We found by measuring nt#) as a function of gas density
al {7 < 7100 ganss that ¢" < {o. This conclusion depends on making
use of a value of o reporred by Siegel and De Benrdetti® for SF,
(e 10 -t cm?). Using this approximate limit for o', we find that
for 7} <3000 gauss and for gas densitics less than 0.i5 g/cm? the
effect of the \" transitions on the quenching is negligible and that,
i fact, the quenching is given by Eq. (11 with rg replaced by
r=re 11 +r\;.

In order to obtain an experimental value tor re and to check v,
«we make the definite assumption that A’ transitions are negligible.
For each drnsity we then determire the best value for r, using only
data with /<3000 gauss. Consequently, the plot shown in Fig. 2
should be hinear. The probable errois are lasge because 1/r is
relatively sensitive to n; a one percent change in n producrs at
ieast a six pereen? change in 1 r. The intercept and slope of the
least squares hine titted to the data give the values of re and o.
Our procedure requires only that Siegel and D¢ Benedetti's value
of ¢ be correct as to order to magnitude, justiiving neglect of the
N’ transitions; in this sense only is our value ¢f ¢ indep:ndent. In
computing ¢ irom A\, we have assumed the dominan-e of sitgle
collisions. We find ro= 10504140 compared with Ore and Powell's
theoretical result of ro=1120, and we find o=8X10™2 cm?
compared with o= 107" cm? obtained by Sirgel and De Bene-
detti.*

* Work dene in Saral Mellon Scaife Radiavion Laboralory. Suppor of
the ONR 1< ackzowledged,

t Now a: the Umiversity of tlinoie, 'ebana. Nhinois.

) Wheatley an:t . Halbday. Chys. Kev. 87, 235 (1952),

‘ M. Deaisel and Eo Dalit, Chys. Kev. 84, €01 (1951)

Y. A tond and R Iicke. Pltys Rev. 8S. 289 (1952).

¢S, De Bencletiy and R, Swegel, Phys. Rev, 85, 371 (1952).

R Drisko. praivate commun: c.nmr

* A Ore and J. L. Poweli. Phys, Kev. 75 1690 (1930}

M. Dentschand & C, B'(mn Plns Kev, B8S, 1047 (19525,

L), Lialpesn. Chys Re\ 88, 232 (tws2,.

YR, Segel and S, De Benederti, Phys. Rev. 87, 218 (1982)
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Energy Levels in Light Nuclei*

J. CoARTHUR,E AL J. ALen, R.S. Benoewr ] Havssan,t aNp C. ], MeDoLE
University of Piltshurgh, Pibtsburgh 13, Pennssvania

{Reveived July 21, 1952)

Targets of beryllium, Nylon, lead Nuoride, sulfur, and lead sultde were bombarded with 8 Mev protons
from the tUniversity of Pittshurgh cvclotron. Fnergy levels were observed in Be?, (77, N1, O, F'* and §#2
by inclastic scallering at 150° from 1hin targets. Single levels were assigned in Be® and '2; 1wo levels were
assigned in N'¢; nine levels were assigned in I'%; and seven levels were assigned in 2,

I. INTRODUCTION

HE present investigation was undertaken to look
for additional low-lying levels in some light
nuclel. Similar work has been done at this laboratory by
Ely et al.,! Reilley ef al.? and Havsman et al.* The & Mev
proton beam from the ''niversity of Pittsburgh c¢yclo-
tron was used to bombard targets of beryllium, Nylon,
fluorine, and sulfur. The incident and reaction particle
momenta were analyzed magnetically. Inelastic scat-
tering was used to determine energy levels in BBe?, (3,
NB, O F® oand S®.
* Work done in the Sarah Mellen Scaife Radiation Laboralory
and assisted by the joinl program of the OXNR and AEC.
t Now at Projecl Lincoln, Massachusetts lnstitute of Tech-
nology, Cambridge, Massachuscits.
¢ Now at 1he Ohin State University, Columbus, Ohio.
§ ALC Predoctoral Fellow.
' Ely, Allen, Arthur, Beader, Hausman, and Reilicy, Phys. Rev.
86, 859 (1952).
* Reilley, Allen, Arthur, Bender, Ely, and Hausman, Phys. Rev.
86, 887 (1952).
3 Hausman, Allen, Arthur, Be:ider, and McDole, following
paper [Phys. Rev. 88, 1296 (1952) 1

II. APPARATUS

The apparatus used is esseniially the same as that
described previously.** It was madified by placing the
detector inside the vacuum system to permit the ob-
servation of lower energy scattered particles. The target
holder was remodeled to provide a means for calibration
of the reaction particle analyzer without losing the
vacuum.

A beam of 8-Mev protons from the cyclotron was
focused by a sector magnet into a shielded scattering
room. Within the scattering room the incident beam
was analyzed magnetically by a 40° sector magnet and
the spread in energy adjusted by appropriate slits.
Charged reaction particles were momnentum analyzed
by a ) sector magnet and detected by a scintillation
counter using a Zn$S crystal. Both analyzing magnels
were calibrated with polonium alpha-particles using

¢ Bender, Reilley, Allen, Ely, Arthur, and Hausman, Rev. Sci.
Insir. 23, 542 (1952).

* University of Pittshurgh Radialion Laboratory Precision
Scallering Reporl No. 2, May (1952) (unpublished).
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FiG. 1. Spectrum of charged particles scattered from beryllium a: 150°.

Hp= 331539 1P gauss-cni® Magnetic tield strength
measurements  were made  with proton resonance
detectors. The analyzing maguets were carefully demag-
netized before each run. "The incident heam current was
integrated to 70 microcoulombs (30 microcoulombs for
one S¥ bombardment) for each setting of the magnet
which analyzed the scattered particles. ‘The spread in
incident energy was 0.04 Mev during the experiment
with the beam incident perpendiculariy on the target.
At least two bombardments of each element were made
using different targets «where possible.

III. EXPERIMENTAL PROCEDURE AND DISCUSSION
A. Be®+ Proton

Beryllium targets of 0.2 mg ‘em®and 0.3 mg cm? were
bombarded with protons and the reaction particles
studied at 150° with respect to the incident heam. Figure
1 shows a plot of the number of counts per 70 micro-
coulombs of eharge collected s proton resonance fire-
quency in Me sec at which reaction particles were
detected. Peaks b, ¢, ¢ and 7 are due to elastic scat
tering from AP, (' (%) and Be®. Peak /i< from the
known excited ievel in Be? it 24 Mev. The average
value of excrtation encrgy obtained fer this level fram
two runs is 2.44 Mev, which is to be compared with the
values of 2.422:£0.005 Mev determined by Van Patter

el al® and 243320005 Mev determined by Browne
et al.” No new levels were found in Be? for an excitation
energy of 6 Mev.

Peaks g, ¢, g, iand 7 have been identitied as deuterons
from the reaction Be’(pdVBe® corresponding to the
ground state and energy levels in Be® at 2.8, 4.0, and
3.1 Mev, respectively.

Peaks ¢ and ! are alpha-groups from the Be*(g,a)Li®
reaction earresponding to the ground state and excited
levels in L1% at 2.1 Mev (for a bibliography see Hornyak
¢/ al.,* hereafter referred to as HF ML), The peaks
and &' are attributed to inelastic protons from the
4.4-Mev level in C® which appears as a surface con-
taminant on the front and back of the target.

Peaks ¢, 1, and { were obtained by subtraction of the
readings taken with a foil in frant of the detector from
readings taken without a foil.

B. Nylon+ Proton

Nvlon targets of surface density 0.30 mg ¢’ were
bombarded by 8&-Mev protons. The reaction partiaeas
¢ Van Patter, Sperduto, Huang, Strait, aud bucchner, Phys.
Rev. 81, 233 (1951).

7 Browne, Wiliianmson, Craig, and Donahue, Phys. Rev. 83, 179
(1951).

* Hornyak, Lauritserr, Morrison, and Fowier, Revs. Modern
Phys. 22, 309 (1950).
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were analyzed at K7 and 1307, Peaks a. b, o, and ¢oof
Fig. 2 are elastically scartered protons from (18 N1
CHoand CF respective!y, Pedk s the anly excired
state obsuned in CY for an exatation energy of 6.5 Mev
\n excitaion energy of 445 Mev was determmed for
this tever, This 1s an averagze vihue obtained fron: four
Nvlon bombardments wnd nine other bombardments
where carbon was a surfiuce contaminant. The width of
the peak is thought to be ciised mainly by target
thickness. \ fresh targer was used for the data vielding
peak f Fig. 2 in an attempt to reduce the probability
of target deterioration causing a widening of the peak.
Many previous investigations of 7 have been made
fsee HI'ML, p. 323). The most acenrately known value
for this energy level is 1438 1:0.014 Mev obtained by
magnetic analysis.®

Three levels and pessibly a fourth were found i N*
from the reaction NBp p IN'® Peaks o, e, and g ol
Iig. 2 correspond to energy levels of 2.32, 3,06, 5.0
Mev, f ey were a peak in N'' the value of the energy
level would he 3.76 Mev. Since a C'F elastic peak was
observed it 1s possible that it is an energy level of this
isotope.|} Tts excitation energy in C¥wounld be 3.69 Mev.
Aldevel in C1 s known o exist at 3.677-:0.005 Mcev®
Previons investigations on N energy levels were made

|!00|>-
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by Thonmasand Lanritsen® giving vilnes of 1645 5 045604,
23X 0,008, 3.390-+0.010, 3.92. 3 036+0.023 Mev: by
Burrows ef elt oving vahies of 3935 and 5.060 Mev:
and by Hevdenburg ef al ™ giving leveis at 2,33 ol
393 Mev, Thomasand Lauritsen observed gamma-rayvs
resulting from bombarding an enriched C2F target with
deuterons. Fhe gamma-rav energies which they assigned
as energy leveis i NP ar 1.6 Mev and 3.4 Mev have
stnece beeen attributed  to caseading gaimma-rays
(private communication with I, Laaritsen).

Peaks iand 7 are assigned to the oavgen doublet at
6.0and 6.1 Mev. The best informationatbout the doublet
which can b caleulated from the Nvlon, PhS, and
I'bEF. data (oxvgen appeared as a contaminant on the
last two targets; is a vilue of 0.0372:0.010 Mev {or the
doublet separation. Previons measurements of these
ievels and their separation have been made by Chao
clal. ¥ They give values of 0.032, 6,136, and 0.084 £ 0.006
Mev for the energy levels of the two peaks and their
separation, respectivelv. Several other measurements
of these levcls have been made (see THEML, p. 343).

C. F:"- Proton

\ target of PhIF2(1.20 mg ¢m¥) was evaporated on a
gold backing. With 8- Mev protons incident on tlhe
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e 2. Spectrum of charged particles scattered from Nylan ar 1507,

o Nele added in procf: Fuithee work indicates that this level 3s from O

* B G. Thomas and I Lauritsen, Phys. Rev 78, 88 (1950,

' Burrows, Powell, an.l Rotblar, Proc. Roy. Soc. A209, 478 (i951).

W Hevdeaburg, Philking, and Cowie, Phys. Rev. 88, 742 (193)).

¥ Chao, Toliestrup, Fowler, and Lausitsen, Phys. Kev 79, 108 1930:,
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Fic. 3. Spectrum of charged particles scattered from fluorine a1 1507,

target protons from the reaction 17%(p,p")F'** were
observed at 130° Figure 3 shows sections of each of
two bombardments. Peak @ is a group of protons elas-
tically scattered from lead and gold. Peaks b, ¢, and d
are the elastic peaks of F'*, (¢ and (%, respectively.
Peaks e, f, g, h, +, 7, ju, £, and { correspond to energy
levels in 1% at 1.37, 1.59, 2.82, 3.94, 4.06, 1.41, 448,
4.59, and 4.76. Peak j, is not shown as a peak in Fig. 3.
PPeak m is the excited state in (7 at 4.4 Mev. Peaks n
and o are the 6.0- and 6.1-Mev levels in (38, No other
levels of comparable intensity were observed for an
excitation energy of 6.7 Mev. There were indications of
seven other possibic cnergy levels: one each at 4 and
4.3, three near 4.6, and two near 4.8 Mev, each of
which reproduced on the two bombardments. A bib-
* liography of previous investigations of energy levels of
19 is given by HFML, p. 353, Recently, Bullock and
Sampson” found energy levels at 1.360.05, 2.56
+0.05, 3.92+0.05 Mev; Hevidenburg, Phillips, and
Cowie” found levels at 1.33, 3.83 Mev, and Shult** found
alevel at 1.52 Mev. No attempt was made to study the
reaction 1"/ p,a)0)'**. T'he spectrum shown in Fig. 3 is
taken with the alpha-groups removed by placing
aluminum foils in Tront of the detector. A broad peak

M. L. Bullock and M. B. Sampson, Phys. Rev. 81,967 (1951),
WE. B. Shuli, Pbys. Kev. 83, 875 (1951).

appears between 1 and 2 Mev. This is a proton group
which appeared on a bombardment of the gold backing
made undzr similar conditions. It is thought to be due
to (p,p) reactions in copper or silver known to exist
in the gold in quantities less than 0.2 percent. All peaks
shown in Fig. 3 were observed on two hombardments of
the same target: however, the values above were cal-
cuelated from the second run only.

D. S*--Proton

The S72(p,p")S™ reaction was studied by bombarding
targets of lead sullide and sulfur on gold. A spectrum
of the reaction particles in the 130° direction obtained
by bombarding S* with 8-Mev protons is shown in
Fig. 4. a, b, and ¢ are the elastic peaks of Au®’, §¥, and
O respectively. Peaksee, f, g, a1, 1, J, and n are assigned
to excited levels in §* at 2.25, 3 81, 4.32, 4.50, 4.74,
3.04, and 5.83 Mev. respectively. Peaks 2 and { are
attributed 1o the 4.4-Mev level in €7 and result from
carbon contaminants on the target surtaces. Four peaks
(d, dy, m, and o) were not used for calculations. In
previous studies of 8% (see Alburger and Hafrones
cited levels were observed at 2,25 and 4.54 Mev,

#*D. E. Alburger and . M. Hafner, Revs. Modern Chys. 22,
379 (1950).

-v-
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IV. RESULTS AND ERRORS

Table isalist of the elements studied and the enerygy
levels obtained. [nall (p,p") reactions, except I, where
three hgures are quoted an estimate of the probable
error is 0.02 Mev (for 7% the estimated probable error
is 0.03 Mev). The primary contribution to this probable
error is due to an uncertianty in the calibration . the
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from sulfur a2 t30°,
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Tasik L. Encrgy levels in Be?, N, O', F'*, and S%.

I netgy tevel Pronlue separation

1 lemeat Mev) Mey)
He?

( 7)?

N

244
445
2.3
3.762
3.9
5.0
6.0
6.1
137
1.59
282
3.9
4.00
4.4t
4148
4.59
4.76
S 2.25
3.8t
4.32
4.50
4.74
5.4
5.83

o

noky

e

magretic field strength of the reaction particle analyzer.
This uncertainty arises from a nonlinearity between the
ratio of the measured tield strength to the fringing lield
strength and the measured field strength and also from
hysteresis effects. There are indications, in general, that
the levels are higher than previously published values
of the sune levels where the accuracy quoted is of the
order of 0.01 Mev,

The authors wish to thank L. M. Diana, K. B.
Rhodes, R. 17, Weise, R. A, Barjon, Miss (', Gegauff,
and E. M. Perkins for their many contributions to this
project.
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3. i. 3, battch nn* J, B, Fronch, l’hys. Rev 87, 900 (1952)

integral ecuation for the wave function of the ;rodblem, in which the Green's
function s &pressed in momentum smace. We shnll shov thst the intesral
equation crn be more resdily interrreted if the Green's function is vritten
in coordinnte snace, and that in Austern's cquation (6) the term

(e R

scattering ~rnlitude., This resvlt modifies hie demonstration thnt the terms

\4(3 e \/HP/fi %> mekes o vanishing contribution to the

in V;.’x- ore c=ncelled when his ‘P is rerlaced by )f? % . Our orm =oint of
view on the connec%ion between the lorn am‘roxinntion:"' and Butler's theoryz
will be prceented in another report? to vhich the uresent rerort is nrelimi.-
nary.

Ve regard the initial nucleus ns afixed center of force of snin zero

(as 40 Dnitch and Prench”), thereby obwvintins the need for internal nuclear

coordinates, The llamiltonian is

M = TntTe * V= L+, (1)




vhere T revwresents tinetic energy, VN and V}, zre the interactions of

neutron ard proton respectively with the {ixed center of force, and VNP is

thc neutron-rroton interaction. The solution P obeys the integral

P:'- %"‘G(VP*‘ NP)? 2}
whore (7,:/ f‘7;+ VN—£> sbo = O (3a)

(7,’,4-7;4-\/,\,—5)@ =/ (3)

I 4g the wit operator in the configuration space of neutron-proton coordie

equation

nates and spin, G is the outgoing Green's function, given by ‘
<
G =§ 9e(E-NY, ("N, A, N by (2 u, D W

/4' denotes spin coordinntes, and Lfn () are the complete set of eigen-

functions of the noutron in the field of the initial mucleus

(7;,+\/N—>\>LPN(7\)=0 (5)
& (E-A) 15 tho outgoing Green's function for the proton in free space
(and spin), 1.e,
(Tr-E+N9, =15 (e)
with Ip the unit operator in proton coordinate and spin spece,
Since in momentum spaoce -the representation of & is proportional to
ﬁ LRZ. =/
[- M —F + A , fustern's integral equ~tion (6) is

seen to be in our notation
F=4-GVu-Vur) % - GVt Vo) ¥ ®
wvhere, as px'ovicmsls'.:L % roprosents a plane wave of free deuterons,
The boundary conditions on the nroblem sre that the wave function is

incident as o daouteron at infinity (far from the center of force), but is



otherwise everyvheoro outgoirs. Thus ecuntions (2) ~nd {(Za) imply thrt
% is a combination of free space pro’on functiona and of neutron
functions VN()\) wvhich »t infinity looks like an incoming vlane wave
of free deuterons, but in which the neutirons csnd protons propagate
independently of each other, since Vi, does not ap-ear in equation (3a),
Except for the incoming pert WD . % must be everyvhere outzoing at
infinity, Equations (2) and (7) presumably represent tho same f .

implying we should be able to rhow

b= %= G{Vu-Vus) % ©
Using

(Ta+T5 +Vuo —£) 4= 0 i
and oquation (3b) it ie seen that

(70 + T+ Y —E XU =G Ny~ Vus) E]= 0 0o

Thus the right and left sides of equation (8) satisfy the same differential
equation, ecuations (3n) and (10), and al so satisfy the same boundary
conditions, namely they sre everywhere outgoing at infinity except for
identical incoming terms % o« This is sufficient to vrove that both

sides of equstion (8) represent the same function. Equation (8) can also

be established directly from equation (9), rewritten in the form

({N+7I;*‘VN"£>%::(\/N"VNP>% (11)

Since % and ("0’ have identical incoming terms, equation (11) using

equation (3) s equivalent to the integrsl equotion

$ = ¢+ G(Va-Vip) % 2




which is equation (8), The 1dontity of equniion (2) v'ith Auetern's eouation
(6), our equation (7), has thereby beecn demonstrated.

That in (4,p) roactions the tern G (V, = Vip) makes a vanishing con-
tribution to the scrottering smplitude now con bo sesn on physical grounds,
recalling the interpretaticu of. % . Only contimnm (positive A)
eigenfunctions con cyme in from infinity. In order thet the neutron be
captured therefore, it is necossary that the proton remove the excess neu~
tron energy. But, as pointed yreviously, equation (3a) for % contains
no neutron-proton coupling term. Consequently % cannot yield neutron
capture,

This plausidle argument is made rigorous as follows, The number of
scattered protons which reach infinity with polarigation T » while
leaving the neutron in a bhound state of energy A{ » totel angular momen=

tun j, and magnetic quantum numdber m, is &etermined from

- ¥* X
'ie_fm” j«f Yn A%:p,, T (AQ‘&T (s, Am)\b‘f(q.. P N) (13)

In (13) x L Xt is the proton spin function, Substituting equation
(7) in equation (13), the term in % vanishes expomentially sslo—> 00
since ‘70N()‘4) 1s a bound state, The terms in G lead in the usual way,
via equation (4) and the orthonormelity of the set "PN ( )\> » to the
scattering amplitude A(R) of the protons along the direction n, A(R), the

costficient in (13) of ryl exp (1 k ) as ¥ —>ooalong o, is

A(T) = A7) + A, () o
AR)=- ;;,L,: % 6-‘& P X TZOP) %77&, o, 2V Vv») 5"’,, (15e)

- ¢ *
A7) = 2L R x5, fi @b M) am.




and V. opernte to “he right, 2nd summation over

I I5) V., V.,
n equation (15) V. V, - Ln
> # -
S 8 and integration over all Tpe Ty is implied, k = kn and = f"Aﬁ
with M the mass of proton or neutron, The function y:, ie
. l,\,‘(rp* fw)/z_
b=e wr (o= T, Bp, 20) )

W 4s the wave function of the deuteron in its ground state, with specified

ragnetic quantum mumber, In other words, letting x'P - rN =r,
3
™

with é the energy of the deuteron in its ground state, and 4 M "E -€.

(17)

In equation (15a) Vg is Hermitian, and does not involve T, o e,
Hence, from equation (5), and using sleo equations (16) and (17) to eliminate

Vm’, equation (15a) becomes

A, ()= B,(7T)- B, e
B (R)=-L 32 ‘*'PK"‘"{A,}[}\- T (M)] % (198)

-> .._L&_ﬁ. ~thirp T : ‘](1913)
B;(n) an 53 e 4 (op)Lf (N)e‘k(rp”;\»/!—r(ﬂ-{-t- A)w‘
We introduce r = Tp = T s a nev indopendont voriedle, replacing rP. 1n
equations (19), cnd observe that because %T(M‘ and w are bound states,
»
integration by parts, so as to couse Ty = -‘3\;: 4, and'é\- Ar to operate on

the exponential functions, is ligitimate., There result

8(;.")_ .L XT (op)w_(?)elr(ﬂ-k) (f‘ 4\‘{+LA)€“~ (k-1 208)
(7)—-;,-\_ wx"’(o‘,) (?%+5A)e“(§ R %, e Y G

Equations (20) imply of course integration over all r and e Performing

the indicated differsntiation and recalling the definitions of X and k, we
£ind that B,(n) = B,(n).

This conpleies the proof that A,(;?)’ 7,(/5&), the portion of the



tcattering cmnlitude resul ting from the term G(VN”VMD&‘PD /W\ '(7) is
zero, 4ihe scatfiering ammlitude is given solely by A(W)-‘-‘ A;(W ,ﬂt(l& b).
It will be noted that in this demonetration there was no need to assume w
sphericrlly symmetric, nos was Vn, aspumed central or spin-independent,
Replacing f by L/’D in equation (15b) peruite Vi, to be replaced by
Vg in that equation, since 4\(n), equetion (15a), hos been proved equsl to
zero. This yields the starting noint of Paitch and French,® Judging by
squation (2), it is equally natural to regord % as the solution in the
nbsence of scattering, suggesting that 1t might be more accurate to replace

f in equation (15b) vy }g + However we shall not pursue this point in
this report,
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1o, TIntroduction

Tio thecry of (d,p) wid (d,n) resctions gliven by Butler-:
26

hay beon the subdbjoect of 4 rumbsr of thceoretical puvpers,

Tt s SN - - Hremp e

i, 6. Te Buvier, rroe, Roy. Soe. Lond. 4 208, 559 (1951)

& 4, B, Fuitla st al,, Foll, Hag. 13, 485 {1952} |

3. 2o B. Dattch and J, A: French, Phys. Rev, 87, 900 (1952]

4. R, Huby, Proc. Roy. Soc, Lond. A 215, 385 (1952}

S. N. Austsrn, Phys. Rev, 89 218, (1953)

6. Fo Friedmsn and W. Toboeman, "An Approximate \!ave
Mochanical Description of Deuteron Stripring", to be

puodlished.

o

Butlerfs original deduction of ths angular distribution

in stripring involvad fitting tngethor at the nuciser radius
the golutliona interior and exterior to the nucleus s+ '¢
faliyr to call conmpllcated the procedure bty which Butler
obtainsd *the ecrcss section from ds golution, Succeading
theor=tical studins have boen of two kinds; (a) attermpts
*Work dore in part at the Sarah liallon Scalfe Radiatian
Laboratory and assisted by the Joint Propram of the 0ffice

of" Navgl Research and the Atomic Enerpgy Cormlgsion.



a2
to simplify and claiify Butlerts calculation of the cross
section, but retaining hic basirc idea of fitting together

the interior and exterior :so'm’clomh"’6

and (b) assuming

the Born approximation matrix elecment for the reaction after
which Butlert's formula 1s obtained by nore or less direot
intogration.2'3 Since Butler?'!s calculation does not seem
equivalent tc Born approxication it 1¢ somewhat surprising
that Born approximation glves Butlert's results,3 Austerns
has attempted to explain this agresment.

In subsequent sestions we shall raderive Butler's
rosult by means of standerd Green's function techniques;
thereby automatically and obviously satisfying the bcundary
conditions at infinity and at the nuclear radius, To
minimize formal complications we consider the follouing
idealization of the stripping problem: A deutron, spinless,
composed of spinless neutron and proton, impinges on a
fixed center of force which is the initial nucleus,> At
{rfinlty the solution ¥ must be of the form

P:wp*i (1)

where VD is the incident plane wave of deuterons on the
initial nucleus, and §’ia everywhere outgoing, In ths
problem at hand this means: Let the energy have a positive
imaginary part; then I is everyvhere outpoing if it remains
bounded as ry or rp or both approach infinity. Ve have

been careful to obtaln the cross section by a mathematical



- &
proccedure whkich corresponas evidently tc thc experimental
sitvations To amplify this remark, denote tha weve function
of the final nucleus in a (d,p) reaction, in which the
nentron is captured into a bcund state, byQXgh). Then
the probability of finding the proton at ¥p, with the

2
neutron bound in its final state, is | fdf’ 4’"(?)?672"5/’
The experiment measures the flux at infinity of protons
whose energy corresponds to leaving the neutron in state

CP (?N). which flux per unit solid angle is (f)&/")lm)’

where the scattering amplitude A(n) in the direoction n
is given by

AR)e™® e = fdé 2

o =ro
and rN approaches infinity along n.

We always employ the definition eg. (2) of A(:) to
evaluate the cross section.

Using eq. (2) in the integral equation for the problem
leads in a very straightforward way to the Born approximation
natrix element, for which no satisfactory justification
has been given previously. In so doing we illuminate the
reason for the agreement between the two seemingly different
methods {a) and (b) above. Our integral equation is the
same as that obtained by AusternS, but his not using the
delfinition (2) for the scattering amplitude caused him to
overlook thc iact that not all the terms in his equation
yield protons at intinity, in (d,p) reactions. This
statement will be further amplified below. Finally we

append some discussion concerning the success of the theory.
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11, {he Irtegral iguatlon
\Je fix our attention cn (4,p) reactions, 1.e, we seek
outrolng protons whose encrgy ceorresponds to leaving the
netv.tron bound to the center of lorce. The Hamiltonian 1s
- ¢
I‘I’Ty*f?‘p‘f‘vp"’l/”*%p (3)
where T represents kinetiec onergy, VN and VP are the interaction

of neutron and proton respectively with the fixed center of

force, and VNP i1s the neutron proton interaotion7

7. The discussion and notation of this section parallels that
in E, Gerjuoy "Integral CEquation for Stripping", University
of Pittsburgh Precision Scattering Project Report #3.

The solution satisfies

(H-E){ =

u’ithlof the fom eqo (1) and i
br (f"rr) 2 3 ~»
Y= e / w (v -1;) )

W is the ground state of the deuteron., % satisfies
(T, + 75 +\{,'-E)‘7_VD =0 (6)

Using an obvious symbolic notation, the solution
satisfles the intepgral equation

I ¥, ~ 6V MP)P (7)




‘o ocoluvtion to e¢. (7) sativfies the boundary concltions

ut; the nuclear radius, and satisfles the boundiry condition

\‘.\‘

at infinity if G 1s the out;cing Creen's functin, uvhieh 188

2]

o It is apparent that <, oue (10), satisfles ¢y, (9) and

is cutsoing in the protoin, in the sense uvhich :as been
sxplainod in tho previouc scetion. It 1s possitle to prove
that ¢ 13 also ouftgeing in the noutrons, despitc the fast

that iﬁ sea: e to contain, Circush ?(;}5), both i:comin~ and
outroin- spherical waves in i.'zz_‘m It nmust bse pra: ted that

80y :athematlical \g\uastions concornins the prooc: are not
altorother settled, but i1ts essential correctne:s sce: s
establisheds The proof !a ocontained in a repori 1n

preparation by B, IFriadt:on and Le Garjuoy, on t'e cubject

of mny pertiele scatterin- :roblemss Relcted .roile s

are clncussed in B, 'ricd un and Lo Ce’rj_uo;y:, evoareh

neport ¥ CXel, -and in laryy L.  .oses, liecearsh :enort M
#CieS, both lssued by lieu iork _,'Univefsi ty, “cahington
wuuire Collers of apts aud. ‘elence iLatiwmatics heseareh

“Poupo

= r.;’r“ S g:/) rlv'j Ny gh’“u’k)fyﬂ‘ 3‘.'1/\)%' '/':':'/ "\}) Liv )
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In eq. (10) the sum over A tncludes an integration in the
continuum A2 o0. ?0) are the complete set of elgenfunctions

¢f tre neutrons in the fiesld of the initial nucleus
(oY% -A) ) =0

(11)
g(E-A.) is the outgoing free space Green's funotion for
the protong. il.0.

(TP’E*"\);(EW\): ¥(7-%)
é7<:: ‘) gé; jzz CJE:;.ﬁg'f"
/%2 (13)

In eq. (13) M is the mass of proton or neutron and

when E is inaginary. ee (E-:\. >0

(12)

9. In order that eqs. (10) and (12) yield a convergent

result in eq. (7), Coulomdb forces must be neglected or replaced
by screened fields. We are also ignoring some formal diffi-
culties connected with the fact that Vyp 13 a function of

?} - ;N only, and does not approach zero along all radii of

an infinite sphere in the six dimenaional';u,'?} space.

kqs. (1) and (7) imply that the uitference betseen{) and %

is everywhere outgoing. Rewriting eq. (6) as

(1¢)

(et o+ %~EYB= (V- %)



-— e

¢ 10llows that 7

AR AR O (e

so that eq. (7) becomes

g;: % = G‘(V//” K/P)% i 6-(VP-‘L ‘4[’) g (16)

Eq. (16) 1s identicel with Austern's integral equation®.

Since Vyp doss not appear in eq. (8), y% may be said
to ropressent & combination of free space proton functions
and of nsutron functions <P(r~’,\) , which at infinity looks
like an incoming plane wave of free deuterons, but in which
the neutrons a&nd protons progagate independently of each
other. In order that a neutron be captured it is necessary
that the proton romove the excess neutron energy. But
€c. (B) contalns no nsutron-proton coupling. Consequently
it 1s to be expacted thet ¢% nakes a vanishing contribution
to the scattering arplitude, in (d,p) reactions.

This pluusible srguweent can be made rigorous.
Supatitnce eq. {16) 4in eq. (2). Using eq. (5) it 1s seen
that the torm 1in ¢’D vanisines exporentlally as rpros 8ince
both<P and ¢~ are bow:d state<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>